1. Introduction {#sec1}
===============

Carbon monoxide (CO) is a colorless odorless toxic gas, which harms human due to its high binding ability with hemoglobin \[[@bib1]\]. CO is widely produced from automotive engines and industrial combustion systems. It is one of the most air pollutants. Thus, in order to reduce environmental pollution, it is necessary to use catalysts/sorbents to detect, remove or trap the carbon monoxide \[[@bib2], [@bib3]\].

Porphyrins are a class of naturally occurring macrocyclic compounds \[[@bib4]\]. They possess a large-conjugated system, interesting aggregation properties and show potential applications in various fields \[[@bib5]\], including charge separation, molecular electronics, transport of oxygen, photovoltaics biocatalysis, play an important role in the metabolism of living organisms \[[@bib6]\], widely utilized as the UV--Vis \[[@bib7]\] and photoelectrochemical sensors \[[@bib8], [@bib9]\].

Although porphyrin and its derivatives are widely studied, there are little studies for its transition metal doped complexes except for iron \[[@bib10], [@bib11]\]. Roy et. al \[[@bib12]\]. have studied non-linear optical properties of transition metal (Fe, Co and Ni) doped porphyrin and the optical activity in cobalt porphyrin in the light of infrared (IR) and Raman spectroscopy. Paul et al. \[[@bib13]\] found that a very low concentration of iron porphyrin could enhance the sensitivity of virgin polypyrrole to carbon monoxide detection at very low ppm level under ambient conditions and without any external agent. On the other hand, porphyrins can be adequately used as coating of conductive substrates such as carbon nanotubes or semiconductor nanostructures \[[@bib14]\]. Mosciano et al. \[[@bib15]\] found that porphyrins coated metal oxides (ZnO) could lead to a new class of photo-activated sensors to carbon monoxide. Chang et. al \[[@bib16]\]. have studied the adsorption of NO, CO and O~2~ molecules on Co doped tetraphenylporphyrin on Au(111), Ag(111), and Cu(111). They found that the CO is almost vertically attached onto the CoTPP/metal substrate. Lian et. al \[[@bib17]\]. have reported that trimethylamine functionalized iron tetraphenylporphyrin catalysts is able to photoreduce CO2 to CO in water. Shah et. al \[[@bib18]\]. have studied the structural, electronic, spectroscopic, and optical properties of TM dopd TPP (TM = Fe, Co, Ni, Cu, and Zn) and concluded that Co and Cu doped TPP are visible active materials and may be used for optoelectronic applications.

Liao and Scheiner \[[@bib19]\] illustrated that the presence of ligand such as CO molecule induced perturbation of the electronic structure of iron and cobalt porphyrins that may lead to considerable changes in their electronic and optical properties.

In the present work, the structural stabilities, electronic and optical properties of TM-doped porphyrin (TM = Mn, Co, Fe, Cu, Ni and Zn) were investigated using density functional theory (DFT) method. As well as the effect of adsorption of carbon monoxide molecule on TM-doped porphyrin was studied.

2. Methods {#sec2}
==========

To investigate the adsorption characteristics of CO on TM\@P, DFT \[[@bib20]\] methods were performed at B3LYP/LanL2dz and B3LYP/6-31G(d) levels of theory for the calculations of the adsorbate-substrate interactions. Full geometric optimizations were done for porphyrin (P), TM-doped Porphyrin (TM\@P), free CO molecule, CO/P complex and CO/TM\@P. To obtain the most energetic stable geometrical structure for P, TM\@P, CO/P and CO/TM\@P, we begin our optimizations for each structure with the lowest possible spin states, S = 0 or 1/2 for even and odd count electron structure, respectively. Then optimization process was repeated at the higher spin states gradually until reaching the optimum spin state for the structure. All calculations were done using Gaussian09 suite of program \[[@bib21]\]. Densities of states (DOS) for adsorbate and complex systems were visualized using GaussSum3.0 program \[[@bib22]\], Full natural bond orbital (NBO) analysis were made to calculate the charge distribution for substrates, adsorbates and complex systems by using NBO version 3.1 \[[@bib23]\]. Time dependent DFT (TD-DFT) calculations were performed for P, TM\@P, CO/P, and CO/TM\@P complexes to simulate their UV-Vis absorption spectra.

The ionization potential (IP) and electron affinity (EA) are expressed in terms of the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) according to Koopmans' approximation \[[@bib12]\] as:

The chemical hardness (**η**), a quantum parameter introduced by Pearson to account the stability of the compound, can be expressed in terms of HOMO and LUMO as,$$\eta \approx \frac{1}{2}\left( {IP - EA} \right)$$

The binding energy per atom (E~b~) for porphyrin and TM\@P molecules is calculated from Eqs. [(4)](#fd4){ref-type="disp-formula"} and [(5)](#fd5){ref-type="disp-formula"}, respectively.$$\text{E}_{b} = \frac{\text{E}_{p} - \left( {20\text{E}_{C} + 14\text{E}_{H} + 4\text{E}_{N}} \right)}{total\ number\ of\ atoms}$$$$\text{E}_{b} = \frac{\text{E}_{TM@P} - \left( {20\text{E}_{C} + 12\text{E}_{H} + 4\text{E}_{N} + \text{E}_{TM}} \right)}{total\ number\ of\ atoms}$$Where $\text{E}_{p}\ \text{and}\ \ \text{E}_{TM@P}$ are the total energies of P, TM\@P and $\text{~\!E}_{C},\ \ \text{E}_{H},\ \ \text{E}_{N}\text{~\!~\!E}_{TM}$ are the atomistic energies for carbon, hydrogen, nitrogen and TM atoms, respectively.

The adsorption energy (E~ads~) for CO molecule on porphyrin and TM\@P molecules is calculated from Eqs. [(6)](#fd6){ref-type="disp-formula"} and [(7)](#fd7){ref-type="disp-formula"}, respectively.$$E_{ads} = E_{CO/P} - \left( {E_{P} + E_{CO}} \right)$$$$E_{ads} = E_{CO/TM@P} - \left( {E_{TM@P} + E_{CO}} \right)$$Where, $E_{CO/P}$,$\ E_{CO/TM@P}$ ,$\ E_{CO}$ are the energies of the optimized CO/P, CO/TM\@P and the free CO molecule, respectively.

3. Results and discussions {#sec3}
==========================

3.1. Geometrical optimization of TM\@P {#sec3.1}
--------------------------------------

A geometrical optimization were done for the porphyrin (P) and TM-doped porphyrin (TM\@P); (TM = Mn, Fe, Co, Ni, Cu, and Zn). [Fig. 1](#fig1){ref-type="fig"} represents the optimized structures for P and TM\@P. The energetically optimized structures show that both of P and TM\@P molecules are planar, matched with Giovannetti \[[@bib24]\]. As shown in [Table 1](#tbl1){ref-type="table"}, the average bond lengths TM-N are found to be in the range 1.984--2.069Å and 1.958--2.040Å and the average C--N bonds in pyrrole rings are in the range 1.391--1.401Å and 1.373--1.387Å rather than 1.387Å and 1.372 in pare P molecule, for LanL2dz and 6-31G(d) basis sets, respectively. Indicating that the TM atom somewhat increases the compactness of the porphyrin complexes, this is in good agreement with previous literature \[[@bib12]\]. The stability of TM\@P molecules were studied in terms of ionization potential (IP), electronic affinity (EA), chemical hardness (η), HOMO-LUMO energy gap (E~HOMO-LUMO~), and the binding energy per atom (E~B~). As listed in [Table 1](#tbl1){ref-type="table"}, the doping of TM atom in porphyrin increases the IP to the range 5.395--5.510 eV and 5.171--5.209 eV comparing to that of P (5.375 eV and 5.148 eV) for LanL2dz and 6-31G(d) basis sets, respectively, indicating the stability of P and TM\@P molecules. On the other hand, the electronic affinity for P decreases from 2.548 eV and 2.239 eV to be for TM\@P in the range 2.378--2.454 eV and 2.034--2.119 eV, for LanL2dz and 6-31G(d) basis sets, respectively, indicating the higher reactivity for TM\@P molecules than P. Yang et al. \[[@bib25]\] reported that the clusters with large E~HOMO-LUMO~ are more chemically stable. In our case, the doping of TM in porphyrin promotes both of the E~HOMO-LUMO~ values and the chemical hardness (η) values by the ratio of 4.1--10.4% and 5.3--7.9%, for LanL2dz and 6-31G(d) basis sets, respectively, indicating the stability of TM porphyrin complexes. Furthermore, the TM doping enhances the E~b~ values by the ratio of 1.2--3.0 % and 1.9--3.2%, for LanL2dz and 6-31G(d) basis sets, respectively, leading to the stability of TM porphyrin complexes. To explain our obtained results, the atomic charge distributions for the investigated complexes were calculated using natural bond orbital (NBO) calculations. One can observe that, The TM atoms acquire positive charges. In the other hand, the negative charges on the nitrogen atoms in TM\@P increase than those in porphyrin molecule. The positive charge acquired on the TM atom is higher than the total increment of the negative charges on the four nitrogen atoms in the TM\@P complex. These means there is a charge transfer from the TM to the nitrogen atoms and to the rest of the complex. As a result, the stability of the TM\@P complexes maybe referred to the intramolecular charge transfer \[[@bib26]\].Fig. 1The optimized structures for Porphyrin and TM\@P, calculated at B3LYP/LanL2DZ.Fig. 1Table 1Properties of P and TM\@P. Bond lengths (d, Å), Ionization potential (I.P., eV), electron affinity (E.A., eV), HOMO and LUMO energy levels (eV), hardness (η, eV), Binding energy (E~b~,eV), NBO charges (Q, \|e\|), the dipole moment (D, Debye) and the magnetic moment (μ, μ~Β~).Table 1PMn\@PFe\@PCo\@PNi\@PCu\@PZn\@PLanL2DZ6-31G(d)LanL2DZ6-31G(d)LanL2DZ6-31G(d)LanL2DZ6-31G(d)LanL2DZ6-31G(d)LanL2DZ6-31G(d)LanL2DZ6-31G(d)d~TM-N~\--2.0161.9982.0081.9901.9981.9751.9841.9582.0312.0052.0692.040d~C-N~1.3871.3721.4011.3871.3971.3811.3971.3791.3971.3791.3931.3751.3911.373I.P.5.3755.1485.4855.1835.5085.1865.4785.1715.5105.2075.4775.2025.3955.209E.A.2.5482.2392.4432.1182.3882.0622.3782.0342.4042.0662.4542.1192.4532.098*E*~HOMO-LUMO~2.8272.9103.0423.0653.1203.1243.0993.1373.1053.1403.0233.0842.9433.115η1.4131.4551.5211.5321.5601.5621.5501.5691.5531.5701.5121.5421.4711.557E~b~-4.977-5.216-5.112-5.329-5.096-5.354-5.094-5.363-5.126-5.382-5.047-5.377-5.036-5.316Q~N~-0.404-0.550-0.634-0.638-0.605-0.611-0.599-0.587-0.579-0.567-0.645-0.611-0.724-0.653Q~TM~\--1.0561.3920.9051.1810.8541.0760.7350.9391.0141.1141.3931.283D0.0000.0010.0010.0000.0010.0010.0000.0010.0010.0000.0000.0000.0000.000μ0.0000.0003.223.422.072.001.030.990.0000.0000.590.710.0000.000

3.2. Adsorption of CO on P and TM\@P {#sec3.2}
------------------------------------

We suggest two adsorption modes for CO molecule on P to form CO/P. In the first mode CO interacts with porphyrin via its carbon head while, in the second mode CO interacts with porphyrin via its oxygen head, see [Fig. 2](#fig2){ref-type="fig"}. Firstly, geometrical optimization were done for the substrates (P) and the gaseous CO molecule. We found that, the bond length C--O for the CO is 1.17 Å and 1.14 Å for LanL2dz and 6-31G(d) basis sets, respectively, this is in good agreement with greenwood \[[@bib27]\] and Shalabi et al. \[[@bib3]\]. Secondly, the geometrical optimization without any constrains were done for the CO/P. The adsorption energies ($E_{ads}$) were calculated using [Eq. (6)](#fd6){ref-type="disp-formula"}. Our results in [Table 2](#tbl2){ref-type="table"} show that, the binding of the CO gas molecules onto the porphyrin in both of adsorption modes is mainly due to electrostatic and van der Waals interactions. The properties of the adsorbed CO remain close to those of the gas phase, where there is no significant change in C--O bond length, the net charge on CO in CO/P approximately equals to zero, and the CO/P HOMO-LUMO energy gap closes to that of bare porphyrin. Assuming a boundary value of 0.21 eV between physical adsorption and chemical adsorption \[[@bib3]\], one can say that, the CO adsorption on P is physisorption and the CO molecule prefers to interact with porphyrin molecule via its carbon head where the adsorption energy value for mode 1 is more negative than that for mode 2.Fig. 2The optimized structures for CO/P complex, calculated at B3LYP/LanL2DZ. (a) mode 1, and (b) mode 2.Fig. 2Table 2Adsorption properties of CO on P. Adsorption energies (*E*~ads.~, eV), bond lengths (d, Å), NBO charges (Q, \|e\|), HOMO and LUMO energy levels (eV), and the dipole moment (D, Debye).Table 2ModeType*E*~ads~d~C-O~d~CO-P~Q~CO~HOMOLUMO*E*~HOMO-LUMO~DLanL2DZ6-31G(d)LanL2DZ6-31G(d)LanL2DZ6-31G(d)LanL2DZ6-31G(d)LanL2DZ6-31G(d)LanL2DZ6-31G(d)LanL2DZ6-31G(d)LanL2DZ6-31G(d)1CO/P-0.166-0.0171.1671.1393.0233.098-0.002-0.002-5.369-5.142-2.557-2.2352.8122.9070.2220.0942CO/P-0.113-0.0121.1651.1373.0962.8850.0000.000-5.364-5.149-2.542-2.2372.8222.9120.0710.174

To study the adsorption properties of CO on TM\@P, we suggest the same adsorption modes, as discussed previously, for CO molecule on TM\@P to form CO/TM\@P. A geometrical optimization without any constrains were done for the CO/TM\@P. The optimized structures for CO/TM\@P for mode 1 are shown in [Fig. 3](#fig3){ref-type="fig"}. The adsorption energies ($E_{ads}$) were calculated using [Eq. (7)](#fd7){ref-type="disp-formula"}. Looking to [Table 3](#tbl3){ref-type="table"}, one can notice that, there is no significant change in CO bond length (d~C-O~). The $E_{ads}$ values for mode 1 are in the range of -0.102 to -1.042 eV and -0.078 to -0.756 eV while for mode 2 are in the range of -0.056 to -0.131 eV and -0.044 to -0.093 eV for LanL2dz and 6-31G(d) basis sets, respectively. So one can say that, mode 1 for CO adsorption on TM\@P is more preferable than mode 2. In mode 1, as the negative value of adsorption energies (E~ads~) increases the distance (d~CO-TM~) between CO molecule and the TM atom decreases. The adsorption nature depends on the species of TM where, it is chemisorption in nature in the cases of CO/Mn\@P, CO/Fe\@P, and CO/Co\@P and physisorption in nature in the cases of CO/Ni\@P, CO/Cu\@P, and CO/Zn\@P. On the other side, in mode 2 the adsorption nature is physisorption in nature for all TM species. Our results in good agreement with previous works. Shalabi et al \[[@bib3]\], El-Gharkawy and Ammar \[[@bib2]\], report that the CO molecule prefers to interact with the TM via its carbon head, where its carbon atom is a nucleophilic agent \[[@bib28], [@bib29]\]. Biesaga et al. \[[@bib30]\] reported that Mn, Fe, and Co metalloporphyrins able to combine with two extra ligand molecules, Zn porphyrins able to combine with one extra ligand molecules, while Cu and Ni metalloporphyrins have generally low affinity for additional ligands. This explains the trend of CO adsorption in mode 2.Fig. 3The optimized structures for the CO/TM\@P for mode 1, calculated at B3LYP/LanL2DZ.Fig. 3Table 3Adsorption properties of CO on TM\@P. Adsorption energies (*E*~ads.~, eV), bond lengths (d, Å), HOMO and LUMO energy levels (eV), the dipole moment (D, Debye) and the magnetic moment (μ, μ~Β~).Table 3ModeType*E*~ads~d~C-O~d~CO-TM~HOMOLUMO*E*~HOMO-LUMO~DμLanL2DZ6-31G(d)LanL2DZ6-31G(d)LanL2DZ6-31G(d)LanL2DZ6-31G(d)LanL2DZ6-31G(d)LanL2DZ6-31G(d)LanL2DZ6-31G(d)LanL2DZ6-31G(d)CO/Mn\@P-0.468-0.4081.1821.1591.7631.742-5.637-5.322-2.490-2.1763.1473.1461.7761.7441.191.23CO/Fe\@P-1.042-0.7561.1761.1531.7431.718-5.586-5.269-2.443-2.1243.1443.1451.1211.1250.000.00CO/Co\@P-0.334-0.4291.1651.1412.0451.950-5.302-4.980-2.418-2.1032.8842.8770.1270.1450.920.931CO/Ni\@P-0.102-0.0831.1661.1383.2253.230-5.517-5.218-2.420-2.0843.0973.1340.2430.0590.000.00CO/Cu\@P-0.132-0.0781.1641.1373.0503.223-5.436-5.177-2.439-2.0982.9973.0790.1760.4120.610.72CO/Zn\@P-0.206-0.1451.1611.1342.6562.686-5.307-5.107-2.430-2.0872.8783.0190.6281.1190.000.00CO/Mn\@P-0.130-0.0931.1631.1382.6782.938-5.431-5.157-2.417-2.1093.0143.0480.4210.3933.273.46CO/Fe\@P-0.1130.0761.1621.1382.6542.987-5.457-5.159-2.361-2.0403.0963.1190.3160.3152.082.022CO/Co\@P-0.122-0.0701.1621.1382.5953.012-5.420-5.151-2.349-2.0183.0713.1330.3730.2631.011.00CO/Ni\@P-0.056-0.0441.1631.1373.2563.575-5.484-5.196-2.386-2.0593.0983.1370.1110.0670.000.00CO/Cu\@P-0.086-0.0531.1631.1382.9363.318-5.439-5.188-2.431-2.1093.0083.0800.2230.1580.590.72CO/Zn\@P-0.131-0.0721.1631.1382.6103.062-5.323-5.179-2.412-2.1132.9113.0660.6210.4000.000.00

The local magnetic moments (μ) of the TM atom for TM\@P and CO/TM\@P were listed in Tables [1](#tbl1){ref-type="table"} and [3](#tbl3){ref-type="table"}, respectively. One can notice in mode 1, the μ values decreased due to the CO adsorption for CO/Mn\@P, CO/Fe\@P, and CO/Co\@P than those of Mn\@P, Fe\@P, and Co\@P, while, the μ values have no significant changes for the rest complexes of mode 1 and all complexes in mode 2.

3.3. The NBO charge analysis {#sec3.3}
----------------------------

To understand the nature of CO interaction with P and TM\@P, the natural bond orbital analysis were performed for CO/TM\@P complexes to calculate atomic charges and electronic configurations. Since a larger basis sets are required for accurate charge transfer \[[@bib31], [@bib32], [@bib33]\], LanL2DZ, 6-31G(d) as well as 6-311G(d) basis sets are utilized to calculate the atomic charges. As shown in [Table 4](#tbl4){ref-type="table"}, In mode 1, in the CO/Mn\@P, and CO/Fe\@P complexes, the positive charges on the TM atoms are decreased than those in TM\@P complexes by 0.80, and 0.76 \|e\|, for LanL2DZ, 0.49, and 0.40 \|e\| for 6-31G(d), 0.41, and 0.33 \|e\| for 6-311G(d) respectively, see [Table 1](#tbl1){ref-type="table"}, while the CO molecule acquires a little charge values. These results guide one to suggest that due to CO adsorption a charge transfer takes place from the porphyrin molecule to the TM atom and this may explain the chemisorption nature in these cases. Looking to [Table 5](#tbl5){ref-type="table"}, it is noticed that the adsorption of CO molecule on CO/Mn\@P, CO/Fe\@P, and CO/Co\@P leads to a change of the charge in the TM 3d-orbital by 0.57, 0.51, and 0.09 \|e\| for LanL2DZ, 0.13, 0.20, and -0.02 \|e\| for 6-31G(d), 0.38, 0.28, and 0.01 \|e\| for 6-311G(d), respectively. At the same time, it leads to deficiency of the charge in the CO carbon 2s orbital by 0.54, 0.55, and 0.27 \|e\|, for LanL2DZ, 0.13, 0.20, and -0.02 \|e\| for 6-31G(d), 0.38, 0.28, and 0.01 \|e\| for 6-311G(d), respectively, and growing the charge in the CO carbon 2p orbital by 0.26, 0.22, and 0.09 \|e\|, for LanL2DZ, 0.44, 0.40, and 0.22 \|e\| for 6-31G(d), 0.37, 0.33, and 0.18 \|e\| for 6-311G(d), respectively. While a negligible change in the electronic configuration of CO oxygen atom was observed. This encourage us to say that the interaction between CO molecules with TM\@MP is attributed to donation-back donation as well as charge transfer mechanisms. On the other hand, the charge transfer in the adsorption mode 2 and the rest cases of adsorption mode 1 is very little and this may explain the physisorption nature in these cases.Table 4Adsorption properties of CO on TM\@P. NBO charges (Q, \|e\|).Table 4ModeTypeQ~C~Q~O~Q~CO~Q~TM~SDLanL2DZ6-31G(d)6-311G(d)LanL2DZ6-31G(d)6-311G(d)LanL2DZ6-31G(d)6-311G(d)LanL2DZ6-31G(d)6-311G(d)LanL2DZ6-31G(d)6-311G(d)CO/Mn\@P0.7700.4980.462-0.471-0.476-0.4650.3000.022-0.0040.2570.9051.1261.2281.2351.229CO/Fe\@P0.8160.5540.514-0.455-0.463-0.4510.3610.0910.0620.1420.7771.0140.0000.0000.000CO/Co\@P0.6590.5530.410-0.447-0.447-0.4310.2120.106-0.0210.4960.7991.2530.9851.0111.0091CO/Ni\@P0.5290.5290.458-0.496-0.500-0.4680.0330.029-0.0100.7040.9351.1810.0000.0000.000CO/Cu\@P0.5540.5520.470-0.488-0.493-0.4610.0670.0580.0090.9671.1031.4030.5930.6770.664CO/Zn\@P0.5610.5870.464-0.511-0.461-0.4420.0500.1260.0211.3721.1991.6520.0000.0000.000CO/Mn\@P0.5500.5480.517-0.499-0.514-0.5300.0510.033-0.0131.0261.4001.3843.3723.3613.490CO/Fe\@P0.5400.5390.537-0.488-0.508-0.5200.0520.0310.0170.8591.1751.2972.1582.1642CO/Co\@P0.5450.5330.490-0.489-0.507-0.4840.0570.0260.0060.8041.0781.3061.0791.1381.110CO/Ni\@P0.5030.5090.464-0.485-0.501-0.4630.0170.0080.0010.7320.9491.1760.0000.0000.000CO/Cu\@P0.5200.5190.478-0.489-0.503-0.4750.0310.0160.0030.9991.1251.4010.5900.6730.657CO/Zn\@P0.5610.5350.497-0.511-0.508-0.4910.0500.0270.0051.3721.2911.6590.0000.0000.000Table 5Electronic configurations of TM as well as, C and O atoms of CO for free CO molecule, TM\@P, and CO/TM\@P complexes for adsorption mode 1.Table 5TypeTMCO4s3d2s2p2s2pLanL2DZ6-31G(d)6-311G(d)LanL2DZ6-31G(d)6-311G(d)LanL2DZ6-31G(d)6-311G(d)LanL2DZ6-31G(d)6-311G(d)LanL2DZ6-31G(d)6-311G(d)LanL2DZ6-31G(d)6-311G(d)CO\--1.691.671.641.781.791.841.771.741.734.724.734.73Mn\@P0.240.200.285.445.195.17\-\-\-\-\-\-\-\-\-\-\--Fe\@P0.240.310.286.586.246.38\-\-\-\-\-\-\-\-\-\-\--Co\@P0.240.310.287.617.297.42\-\-\-\-\-\-\-\-\-\-\--Ni\@P0.300.430.378.678.318.46\-\-\-\-\-\-\-\-\-\-\--Cu\@P0.310.410.379.359.149.23\-\-\-\-\-\-\-\-\-\-\--Zn\@P0.310.440.409.979.919.94\-\-\-\-\-\-\-\-\-\-\--CO/Mn\@P0.280.330.316.015.325.551.151.211.262.042.232.211.731.701.704.734.744.75CO/Fe\@P0.290.330.317.096.446.661.141.201.252.002.192.171.731.701.704.724.734.73CO/Co\@P0.280.340.307.707.277.431.421.371.491.872.012.021.741.711.714.704.714.71CO/Ni\@P0.300.420.368.678.318.451.661.631.641.771.801.851.761.731.734.734.734.73CO/Cu\@P0.310.400.369.359.149.231.641.621.631.761.791.851.761.741.734.724.734.72CO/Zn\@P0.320.430.409.979.919.941.581.551.601.801.821.881.761.731.724.694.704.71

3.4. DOS analysis {#sec3.4}
-----------------

In this section, density of states (DOS) analysis was accomplished to study the role of dopant and CO adsorption on the electronic properties of the porphyrin. The DOS of CO, P and CO/P ([Fig. 4](#fig4){ref-type="fig"}a), TM\@P ([Fig. 4](#fig4){ref-type="fig"}b), and CO/TM\@P ([Fig. 4](#fig4){ref-type="fig"}c) are plotted where spin up (α) and down (β) are shown. Here, the most stable adsorption mode 1 are chosen.Fig. 4PDOS calculated at B3LYP/LanL2dz level of theory for (a) free CO, P, CO/P, (b) TM\@P and (c) CO/TM\@P.Fig. 4

HOMO and LUMO energy levels are calculated and listed in Tables [1](#tbl1){ref-type="table"}, [2](#tbl2){ref-type="table"}, and [3](#tbl3){ref-type="table"} for TM\@P, CO/P, and CO/TM\@P, respectively and depicted in [Fig. 5](#fig5){ref-type="fig"}. From [Fig. 4](#fig4){ref-type="fig"}a it is shown that porphyrin is a semiconductor material with HOMO-LUMO gaps of 2.8 eV and, which is in good agreement with Hamad et al. \[[@bib34]\]. Due to the adsorption of CO on P the occupied states peak of the CO molecule is shifted from -10.3 to -9.7 eV, while no significant change is observed in the HOMO-LUMO gap of CO/P.Fig. 5HOMO and LUMO diagrams calculated at B3LYP/LanL2DZ for free CO molecule, bare P, and TM\@P.Fig. 5

From [Fig. 4](#fig4){ref-type="fig"}b, it is clear that the TM doping atoms slightly lowering the HOMO and rising the LUMO energy levels of porphyrin. This in turn led to an increase ranging from 4.1% to 10.4% in the HOMO-LUMO gap of porphyrin.

By comparing the DOS for the TM in TM\@P substrates and CO/TM\@P complexes, in [Fig. 4](#fig4){ref-type="fig"}b and c, respectively, one can see that the peaks for Mn at -8.8, -8.2 and -7.7 eV in Mn\@P are disappeared in CO/Mn\@P complex. The peaks for Fe at -9.0, -7.9 and -7.4 eV in Fe\@P are disappeared in CO/Fe\@P complex. The peaks for Co at -7.8, and -6.4 eV in Co\@P are shifted in CO/Co\@P complex. In contrast, there is no noticeable changes in the DOS of Ni, Cu and Zn atom due to the CO adsorption. This may explains the higher adsorption in CO/Mn\@P, CO/Fe\@P and CO/Co\@P complexes than CO/Ni\@P, CO/Cu\@P and CO/Zn\@P complexes. In addition, the adsorption of CO on TM\@P has a negligible effect on HOMO-LUMO gap of porphyrin and led to a change ranging from -6.94% to 3.45% of TM\@P complexes.

It is well known that the HOMO-LUMO gap (E~g~) is a major factor for determination of the electrical conductivity of a material, the classical relation between them is as follows \[[@bib35]\]:$$\sigma\mspace{9mu}\alpha\mspace{9mu}\text{exp}\left( \frac{- \text{E}_{\text{g}}}{2\text{kT}} \right)$$where, $\sigma$is the electrical conductivity and *k* is the Boltzmann\'s constant.

It is clear that the CO adsorption on both of P and TM\@P has not a noticeable change on their electric conductivity. As a result, it is not suggested to use TM\@P complexes as an electrochemical gas sensor for CO.

3.5. UV spectra analysis {#sec3.5}
------------------------

To study the effect of TM doping and CO adsorption on the optical properties of the porphyrin, TD-DFT calculations were performed for P, TM\@P, CO/P, and CO/TM\@P based on their optimal structures to simulate their UV-Vis absorption spectra and shown in Figs. [6](#fig6){ref-type="fig"} and [7](#fig7){ref-type="fig"} for calculations at B3LYP/LanL2dz and B3LYP/6-31G(d) levels of theory, respectively. It was found that absorption peaks calculated by LanL2dz and 6-31G(d) basis sets of porphyrin (326 and 340 nm), Fe\@P (355 and 356 nm), Ni\@P (356 and 352 nm) and Zn\@P (345 and 352 nm), respectively, identify them as ultra-violet active compounds, while, Mn\@P (488 and 468 nm), Co\@P (496 and 452 nm) and Cu\@P (510 and 512 nm) are found to be active in the visible range of electromagnetic spectra. On the other hand, absorption peaks of CO/P (327 and 339 nm), CO/Ni\@P (357 and 356 nm) and CO/Zn\@P (357 and 356 nm) identify them as ultra-violet active compounds, CO/Mn\@P (557 and 575 nm), CO/Fe\@P (566 and 676 nm), CO/Co\@P (555 and 604 nm) and CO/Cu\@P (521 and 544 nm) are found to be active in the visible range of electromagnetic spectra. One can conclude that the adsorption of CO molecule on Mn\@P, and Co\@P, leads to a considerable shift in their visible light absorption beaks and CO adsorption on Fe\@P converts it from ultra-violet active compounds to visible active compound. Finally, according to our results some species of TM-doped porphyrins (Mn\@P, Co\@P, and Fe\@P) are optically sensitive to CO gas.Fig. 6Calculated absorption spectra at B3LYP/LanL2dz for (a) P, CO/P, (b) Mn\@P, CO/Mn\@P (c) Fe\@P, CO/Fe\@P (d) Co\@P, CO/Co\@P (e) Ni\@P, CO/Ni\@P (f) Cu\@P, CO/Cu\@P (g) Zn\@P, CO/Zn\@PFig. 6Fig. 7Calculated absorption spectra at B3LYP/6-31G(d) for (a) P, CO/P, (b) Mn\@P, CO/Mn\@P (c) Fe\@P, CO/Fe\@P (d) Co\@P, CO/Co\@P (e) Ni\@P, CO/Ni\@P (f) Cu\@P, CO/Cu\@P (g) Zn\@P, CO/Zn\@PFig. 7

4. Conclusion {#sec4}
=============

The calculation results at the B3LYP/LanL2dz and B3LYP/6-31G(d) levels of theory showed that both of P and TM\@P; TM = Mn, Fe, Co, Ni, Cu, and Zn molecules are planar. Two adsorption modes were suggested for CO molecule on P and TM\@P. The CO molecule prefers to interact with P and TM\@P via its carbon head. The binding of the CO gas molecules onto the porphyrin is mainly due to electrostatic and van der Waals interactions and it is physisorption in nature. The CO adsorption nature on TM\@P substrates depends on two factors, the orientation of CO molecule as well as the species of the doping TM. The presence of Mn, Fe, Co, and Zn enhances the adsorption of CO molecule. The CO adsorption on both of P and TM\@P has not a noticeable change on their electric conductivity. As a result, it is not suggested to use TM\@P complexes as an electrochemical gas sensor for CO. According to the TD-DFT calculation results, some species of TM-doped porphyrins (Mn\@P, Co\@P, and Fe\@P) are optically sensitive to CO gas.
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